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INTRODUCTION:

Stnce the introduction of Rootiman's self-consistent field procedure’l). for
the calculation of the vave functions and energies of clesed-shell electromic
states of molecules, a mmber of such calculations'2-T) have appeared in the
lterature. Pogle and Nesbet(8) nave extented the above procedure to open-shell
states and Nesbet!®) mos applied 1t to the m-electron system of butadieme. An
ab initio calewlation by Satmi®®) for etates of B} agpears to be one of the
earliest involving all electrons of open-shell states. Most calculations of the
energles of excited states, however, bave emplayed Mulliken's methoda(:) of
approximting excited states and their energiles from the ground state orbitals.

There has been some further development of SCF MO theory for open-shell
states. Rootiaan has recently given a procedure'’?) applicable to certain types
of open-shell states. One limitation of this procedure, pointed out by Roothaan,
is tiat it destrays the orbital picture and enables one to calculate only the

1. Roothsan, €. C. J., Revs, Mod. Phys. 23. 69 (1951).
2., Mulligen, J. F., J. Chem. Phys. 19, 347 (1951).

3. Sabni, R. C., Trans. Faradasy Soc. 49, 1246 (1953).
4. Bcherr, C. W., J. Chem. Pnys. 23, 569 (1955).

5. Sahni, R. C., J. Chem. Phys. 25, 33 (1956).

6. Ransil, B, J., Revs. Mod. Phys. 32, 245 (1960).

7. Yoshizumi, Hirgyuki, "Advances in Chemical Physics, Vol. II,"
yage 359, Interscience Publishers, Inc., New York (1959).
References from 1938-1950 on SCF MD calculations are given.

8. Pople, J. A. anmd Nesbet, R. K., J. Chem. Phys. 22, 571 (195k).
9. BNesbtet, R. K., Proc. Roy. Soc. (London) A230, 322 (1955).

10, Sabni, R. C., Scientific Rept. No. 21, Feb. 1, 1955, Contract AF 19(122)-470,

Dept. of Physics, University of Western Ontario.

1l. Mulliken, B. 8., J. Chim. m. _"_6-, h97 (19!“9)0
12, Roothaen, C. C. J., Revs. Mod. Phys. 32, 179 (1960).
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oted. enavgy of tho cpen-shell state. Yo the witers' Imowladge, ths only

reporde] ciloulastion exploying Roothaan's opsu-shell procedure is one for the

faomd
1 %] s
\13 s Where the variaticrsl eguatlons assume 2

hte

grovnd sizte of the OH meoleaule
paydl iarly simple form. Zhe émcept of physicelly-mesningful orbitals is pre-
nerved in the ILAD BCF open-shell procedure outlined by Hesbet(lhpu Therefore,
27 has beon coneidered warthwhile Yo test the usefuluess of this precedure by
wopdying it to the calculstion of & mumber of electronic states of diatomic
nolecules from First prianciylss. In this series of pepers, caleulstions of the
growd aud a mumber of ionized and excitsd states of distomic molecules will be
repovbed. The present paper Gesls with the electronic states of hamopolar
aolecules 1‘12 and *;)2@ Subsequent popers will deal with the electronic eiates of

roday molscules, Aydvides and molcculayr negative ilcps.

EGUATIONS ¥OR SELF-COUNSISTEET FIBELD MOIECUIAR OEBITALS

%

Self-ccasisient Tield equetions for the molecular orbitals (M°s} comsiituting

an electronic staiz of a moleculs ave found by mianlmlzing the energy over the

soted state funotion inken 88 we antinymzelrizeld product of isdependepnt moiscular

npin orbitals {H30'n). Fach molsculsy orbiial {51 » Can be expreseel as 2 linear

cepbineticn of atomice orbiials, x's, tlwse

X,

By = Lo % {2z

vhere the a;  are undetermined coefficients. Bouation (1a) in matrix nciotion is

cApresneld as

12. Frecinn, A J.. Bovs, Mod. Pays. 32, 273 (1960},

-

i, Hesbet, B. K., Proc. Roy. Soc. {London: AZ230, 312 {1955).




Py = 8 % (v}

The ecquations for the undetermined coefficilents ere then given(l’el as

B+J-Kaf = 5ol (2)
B+3 -yl = S 5af (3)

vhere the elements of matrices &, I, JandKaorliaaredeﬁmdasfonawa:

o0 f Xp %y 9T ()
"pq = f % By AT (5)
Ipa ® 4,‘2 e i o %) ﬂ (1) %.(2) ——xq(l) %, (2)aTaz
r,t i (6)
2P ¥ {2 aﬁati} [ &L Fi %) %(2) an; a, (M
r,t

In eqmticn (53, Em is the element of the one-electron bare nuclear Bamiltonian
mitrix,

The secular equations corresponding to the self-comsistent conditions (2) and
(3) can be written

| -5 =0 em |P.f5]| =0 (8)
vhere

FQ{B) = H+Jd - Ka(ﬁ) {9}

ann
Equations (8) ere solved iteratively wntil seif-consistency is achieved for both
the 0 and P spin sets.

For the closed-shell or paired-eloctron states, the solutions of egquation
(2) and (3) become identical ard only cne of these need be solved iteratively. If
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the pudier Of elecivons, n ., with ¢ spin ig nob eqml to the wugber s a?;; with

a»f‘
B spin, or in the gencrel opan-shell state vith unpaired electrons, one needs o
Eolve hoth cauaiions (2) and {3) for the urdetermined coefflicients g_ciz and a__.f o

Though these equations represent seperete pseudo-sigenvalue problems, they are
related through the dependence of J_upon both &) amd g, and are best solved
simidtanecusly in an iterative fashinn(ag.

The mocedure whereby cquations (2) end (3) are solved, respectively, for
n, ard na eigenvalues and vectors is called the genevalized or unrestricted trecat-
ment el results, for open-shell states, in € # & and 8l # gg for paived
orbitals, The resulting generalized wave function is an eigenfunction of the
total Heutltonion & end of the spin companent operator S_, but 18 5ot an eigen-
function of the total spin cperstor, S5, This is due to the fact that the a®

8
and g_zg and hence the space functions obtained as solutions of equetions (2) and
(3) exe not identical for the mired spin orbitals {MSO). To obtain a pure spin
state, the a and g for paired cccupied MSO's can be restricted to be identical
at each step of the SCF calculations. This procedure, called the restricted
treatment, results in doubly-occupied MD's where the paired electrons have the
same space functicn but different energies. It will be shown that the above
restriction does not affect the results to any apprecisble extent and is Justifiag

to obtain the proper spin character of the state.

COMPUTATIONAL IRTAILS

A. Units

All the integrals and orbital energies have been caleulated in atomic units
{2.u.). For compariscn with experimental date, the ionization and excitation
energies are expressed in electron volis {e.v.). The following conversicn
factors have been employed.




1 a.u. {Gistasece)= 52917 As
1 a,u. (energyl =  Z7.20%  e.v.
1 e.vs = 8668.32 cm™*

B. Atomic Crhitels

The AQ's used ave the real normalized Slater AO’s, namsly
1 = (g 3/x) Y2 exp (- &)
2 = (g, %/3m Y2r exp (- £)

292 cos @ (10)
2y ={€25/ ) Y2 ¢ exp (- Cox) sin © cos ¢
293, sin © sin §

with the exception that an crthogonel 2s function vas constructed on each atom

using the expressiom

2, = (168 M2 . [ (e8) -5 (1s) ] (1)

o
vhere 26 represents the ortbogonel 2 function and & = (1s | 2s).

Imlass ntberwise specified, all references to & 28 function are to the
orthogorel functions For convenience, the "o" subscript bes been dropped. With
this modification, the AO's cn each atom now forn en orthonormal geto

Por the orbital exponents 51 and Sp2 Slater's values are used, nemely

5 e
& 6.7 17
$2 1.95 2.275

The Z-axes, centered on esch sicw, lie alcng the internuclear axis, with positive

Z<directions toward each other.

C. Symuetry Orbitals

The ICAO MO's of a homopolar molecule belong in sets to irreducible Yepresan<:
ations of the point group B n° To obtain proper symmetry for these M0's,
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symnatzy orbitals eve jctroduced. They sre linesr combirations of atomic

orbitals of the corvact symmetry and are given in T=ble 1,

TARE 1

o 1s = 2°%2 (1s + 18') o, 1s = o-1/2 (],a - 18')
O‘s 2u = 2-1/2 {23 * %.) au o8 = '11{2 (2l - a')
o 2p~ 22 (2p2 + 2pr) o, 2 = 2-1/2 (22 - 2p2°)
!: 2p - 3‘1/3 (2= + 2px°) ,;g 2p = 2‘1/!2 (2p - 2px°®)
7, 2p= 22 (2w + 2w) % %= o~V/2 (2py - 2py')

The ICAQO MO's of & given syrmetry ere them comnstructed from basic symmetry
orbitals of the same symmetyry e.g.

J.o“g = ana'gls+alaa‘gas+al3€é29
The ten MD's vhich can be formed from the chosen basis fell into the six

by 3 'l
m@ryclasseaorspeciaslabensdaac’g,d‘u,:tu,ng,auandﬁg, Three M0’s
eachbelong‘boo’gando;&uimeeachtotheotbera.

D, Intersction Integrals

A1l the intemals requirad in the evaluaticn of the matrix elements ef the
secular equation were evalwated by & rogrem writien for the CDC 160% camputer
mrovided to us by Dr. J. C. Browne of the Dept. of Chemistry, University of
Texns. These integrals vere checked with the vaiues calculated from the tables
of integrals computed by Sabni and Cooley(17). A1l the imtegrals are evaluated

15. Sabni, B. €. and Cooley, J. Y., NASA Technical Note D-146,
December 1959 - Supplements I, IX, III{a) and EXK(b).



B.

vith an aceurecy of six decinal pleces,

Blectren Confimurations

The electronic configuration of the differeat states considered in this
stuly ere given in Teble 2, vhere the symbols + and - denocte electrons with
a spin and B spin respectively. In these calculations a single AP (anti-
symmetrical product) function or electromic configuration is used for each state.

TARIE 2
ELECTRCN CORFIGURATIONS
STTE lo 1o, 2o Qs'u 36‘g is J.!u ix ix 30'u

1t
Na(X Zg} ¥~ 4= te +a &= += 4=

+
Ka(A3Zu) t= 4+ 4o +eo 4= &= + +
32@3’%) $= de F= +e & o +e &
32(03:u} t= 4= 4a = T A Y

. n et

EE(X"Z.QJ ¢ - $= 4= &= + + - -

+ 2t

5, (3 Zu) - - 4= % - 4+~ 4=
02(1323) ¥~ te te ke ke te ke & +

oe(alAg) = F= be Fe e te bte 4=

+
'
¢
]
>
¢
+*
]
+
]
+
]
<+
[
+

2
0; x zs)
o} (a %)

F. Automtic Computation

Ceneralized Treatment
In the generalized Hartreo-Fock treatment described earlier, molsculer
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states represented by a single antisymmetrical product wave functicn should

satisfy the egquations

E-En 0 s P.lnd .o =

The elements of F_ in equation (12) depend at cach stage of the iterative
s@%,m%asmd&ﬁ&emaﬁhommommawc
orbitals. Purthermore, since the generation of F _ involves a summtion over
occupded molecular orbitals, a definite electronic configwation must be assumed
foxr the given atate.

It is convenisat to introduce in equations (6) and (7) the simplified

notation
a
= Xin 8, 3 °;..-t = i;ri 8., (13)
i : §

wherethezmtimuommwmimﬂi. Then ve re-exiress the elements
of @ roa P as follows
A P

c“\P? z(cﬂ ) L L HPi ¢ (14)

r,t

7' It 0 Koy,

A basis. In the case of diatomic molscules, where the 1s, 28, 2pz, 2px and 2py

Slater functions on each atom are used, there are in general 27 unigue non-vanish-

are fixed hy the internuclesr distance and the choice of a

ing rt combinations for each of the 27 unigue pq elements, those with r ¥ ¢
appearing tuice in equation (14) dve to symmetry considerations. These fixed
interactions are conveniantly staed in a 27 x 27 tabular form for systemmtic

maltiplication by the Cpp variables st each iteration,

Selfmamtencymaehievedmtheovmnaombimmnt}ag‘imuamss-

ive iterations agree within predetermined limits. Altermatively, precision of the
eigenvelues may be adopted as a more convenient criterion of the consistency.
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Agrecmemt of the eigenwnlues cf the successive cyclss up to six decimml pmees

was adopted a8 a criterion of self-consistency in these computations.

Begtricted Trentment

The restricted treatment for open-shells is an abhreviated method which
mresunes thet paired electrons have the same space functicns, thet is, &) = o,
and, therefore, the solution for the smaller spin set is contained within that
of the larger. The procedure is to solve iteratively the secular equation for
the larger spin set, denoted by ¢« When self-consistency is attained, we lave
the < and oY and for the yaired orbitals, &) = af. A fimal eclution of the P
secular equation using the self-consistent g} gives the required . The result-
ing orbital emergies and coefficients are almost identical with those cbtained
from the generaliged treatment.

In both mrocedures we impose the further comstraint of identical space

functious for degemerate % and T molecular oxrbitsls.

SCF RESULTS

Anmcf&ﬁemtemmcmmdoaaMRamMﬁmmtm
procedures described in the preceding section. Both the generalized and restricted
treatments were applied to each open-ghell state to show that the constraint of
identical space functions for electrons with mired spin does not appreciably
affect the results. For closed shells the treatment follows that developed by
Rootbsen. The warious fonived and excited states of the same molecule were
computed at the equilibrium internuclear distance of the growd state.

The SCF ICAQ MD energies and eilgsnvector coefficients for the various states
ofnaamoammgtmmimmmtmmmmmbm T-16
given in Appendix I, mwm’sfortheaemhculesm@mmtemof
the basic symuetry orbitels described earlier.
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A,

B,

Total Energy

The totsl snsrgies of the various electronic statss of EQ and 02 vere
ccuputed using the equations given in Appendix II and are presented in Table 3
along with the observed total energies. The percentage accuracy of eech result
ie alsc reported in the table. The agreement in every case seems to be reasomably
good consldering the limited set of basic atomic functions used in these calcula-
tions. The calculated total emergy for O, (X 32;), an open-shell state, is
lover by 2,30 ev. then that mrevicusly reported for & single configuration S,
The pexcentage accuracy of the calculstions for the different states varies in a
nexrov range of 99.00 to 99.23 °/o. It 1s thus clear from the results listed in
Teble 3 that the sbove procedure for the calculation of the total energy of the
open-shell states gives results of the same order of accuracy as Roothean's pro-

cedure for closed-shell states.

BExcitation and lonizastion Bpergies

Dxcimtion &5 well 88 ionigation energies repwesent the difference in total
energy between two states of the same molecule. Computed total energles, however,
include correlation errors vhich arise from the neglect, in the ICAO SCF calcula-~
tious,0f the smtlal arrangement of the electrons. These correlation errors,
moreover, appear to be a function of internuclear distance. Therefore, for the
comparison of calculated and obsarved ionisation and excitation emergles, calculs-
tions of the different states of the same molecule were pmxrformed at the same
internuclear distance. Correlation errors in the resulting vertical transition
energieathustendtocencelandtheseverticslresults can be more favorebly

compared with experiment.

16. Kotani, M., Mizuno, Y., Kayana, K. and Ishiguro, E., J. Phys. Soc.
(Jogan) 12, 707 (1957).




TABLS 3
TOTAL ENBRGIES OF BISCTAOHIC STATES * OF I, AND O,
Molecular State  This Calculation  Observed © cal/obs®/o
+*
m, x 13, ~108.573,572 ~109.618 99.05
3 +
Ac2 -108.309,100 -109.335 99,06
B 3”3 ~108.298, 274 -109,319 99,07
¢ 3 -108,108,545 -109.204 99.00
* <t
NG X Zg -108.029, 387 -109.045 99.07
2 +
B Zu -107.843,229 -108.932 $9.00
oy 33 -149.092,076 © ~150.40966 99,12
s 'a, -159.010,520 -150.373 99.08
-
o}, X Eag -148.684,117 -149.961 99.16
2 tn 148,668,197 -149,818 99,23

*Anezectxmicatatesotna

ard ('}2 are calculated at the internuclear

distances R = 2.0675 a.u. and R = 2,28167 s.u., respectively.
e This result compares with the zpalcgous results -108.574 a.u. and

«308.57362 a.u. reported by Scherr (4) and Ransil (6), respectively.
b IcComi 16) repg:ed a value of -1&9%20%315 Bele :&f a single cmum.
tg:gsition energieso?j:r, 19, 3”235“.’“ ® & ve

17. Bexzberg, G, T., "Speetra of Diatomic Molecules," 2nd Ed.,
D. Van Nostrand Co., Inc., Princeton, New Jersey, (1950).
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Thus, in Tables b 2nd 5,%the vertical exciliation and ionization enerzgies;
zespectively, vere camputed using the total energy difference as well as by

(18) +« These calculated walues ere compared with the

means of Koopmus' treatment
observed vertical transition energles. When one considers that each calculated
transition energy represents the difference of two equally large numbers, the
results are seen to be in fair agreement with experiment.

The observed vertical excitation energies were taken from the Rydberg-Klein
Rees (RKR) potentiel ensrgy data for N, and 0, published by Venderslice and co-

vorkers (19,20} mne KR metnoa!®) 15 an elegent means of cbtaining the classical

turning points for each vibtraticmal level, Vs of & molecular state from the
epectrescopic constants W WX, o:i,Bi and Di for that level. The resulting
potential energy curves for states of 1!2 and 02 are given in Figs. 1 and 2,
respectively. 7The observed vertical excitation energles were obtained by taking
the energy difference between potentisl) curves along the -va'tieal line through
R=R (eround).

ine experimental values of vertical ionization energies comparable to cwr
computed results are probably someubat less than photon~impact values and closer
to thove obtaired from spectre. The latter vaiues, where available, are taken
from the convergence limits of Rydberg series in the faxr UV spectra of molecules.
Where both typer of results are availsble, the difference is so small that either

valve may be used for comparison with the calculated walue,

18. Koopmans, T., Physics, 1, 164 (1933).

19, Wnce, Jo Ta, Mason, E. Av, Lippincott, K. Bt, Je Chenm. Phys. ;_Q’.
129 (1959).

20. Vanderslice, J. T., Mason, E. A,, Maisch, W. G., J. Chem. Fhys. 32, 515 {(1960}.

21. Verderslice, 4. T., Meson, B. A,, Maisch, W. G. Lip;gincott, E. R,,
J. Mol. Spectroscopy 3, 17 (1958); ibid 5, 83 (1960].
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The Koopmans thecrem hes been agplied with considerable success to the process
of icaization(g}", and is basic to most calculatlions of excltation energies re-
ported to date. In its most general form, Koopmns® thecrem states that the
energy expended in a single electron transition is very closely the difference in
the initinl and £inal energies of the electron being considered. This treatment
assumes that changes in the wvave finctions of the other electromns are negligible
or cancel each other. For the mrocess of ionization, the fimnl energy of the
electron, by convention, is taken to be zero. Thus the ilonization energy for a
rnolecule becomes merely the negative of the initial orbital energy of the electron.
By extension, the excitation energy is the difference in orbital energies of the
given electron in its initial and f£inal states. For ionization energles, the
agreement vwith experiment is knowm to be quite good. The wesent results demon-
strate tiat Koommans® theorem is egually useful in discussing excitation energies.

™EE L
VERTICAL EXCITATION ENERGIES (ev)
MDIECUIAR a b OTHER c a
STa TR rt . w° a* - e'.: CAICTTATION OBSFRVED
3 +

N, A Zu 7.19 7.2 6.5 7. 70

B 3118 7.49 7.55 8.1 8.12

c 3xu 12.65 12,66 13.2 11.25
O & LN 2,22 2.16 — 1.0

8 motar energy of excited state minus total energy of ground state.

b Dige in epergy of excited state orbital @ amd growd state
orbital ;‘6; .

€ Caleulated using unoccupied grouwnd state orbitals as in reference 4
far R«

d From RER potentisl energy data, references 19 amxl 20 ,



TABIE 5
VERTICAL TOWIZATION EUERGIES (ev)

MOLECUTAR . a b
STATE 5" . 8° ..a: QBSERVED
+ ot 7

N, X "2g 14.80 14,81 15.5T6
+ act

N3, B2 19.88 19.87 18.72

o}, x 2"{; 10.82 10.80 12,2

of, a 11.53 11.50 16.1

or & Ry ¢ ° *

Total cnergy of iomized state minus totsl emergy of ground state.

Velues, unless othervise stated, are from Herzberg, reference 17,
Tables 37 and 39.

€. Generaliged and Restricted Treatuents

It wvas stated previously that the generslized wave function for an open-shell
molecular state necessitates solution of a pair of secular equations, the so-called
generalized treatment. Since the resuiting space functions of raired ¢ and 8

electrons are generally different, these generalized soluticus are not eigenfunc-
tions of S Z, though they are eigenfunctions of the operator 8,- The molecular
vave function should be an eigenfunction of S 29.5 wvell as Sz to satisfy the gpec.
troacopic conflguration for the state. Bigenvalues of S © determine the multi-
Plicity of the molecular state, an important spectroscopic consideration.

To overcome this deficiency in the generelized solution for an open-shell

state, the restricted treatment was introduced. This method, as the pame implies,

restricts the space functions of peired electrons to be identical. These restrict-
ed solubions are ciganfunctions of the commrting operators M, §_end 5 2. How-
ever, a8 a resull of the restriction, they are not exact solutions of the generale
ized seculsr equaticns. Their validity, hovever, can be demonstrated if it can

be shown tiat the generalized and restricted resulis for the same molecular stats
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15.
agree vithin the limdts of error of either method. For this reason, the resulis
of gensralized and restricted treatments for these states are compared in
Tablze 6. Total energy results for the generalized funciion are wniformly less
than or equal to those for the restricted function, as might be expected, dbut the
difference is 0.009 a.u. at moat end generelly much less. Vertical transition
energies calculated by the tvo methods are in fair agreement. Furthermore, these
calculated results are within 1-2 ev. of the observed values in all cases except
that of 0} (a "xu). For this state, our calculated result and tiat of Kotant(15)
deviate from the obszrved value by about 5 ev,

Conclusion

The resatricted function for an open-shell state, though introducing an
additiomal approximation in the solution of the appropriate secular equations,
represents a pure spin state and results in total energies and transition energiles
in substantial agreement with those of tbhe generalized function. These results
for single configurations of open-shell states of 32 and t)2 shov that emergies
calculated in this way afford an agreement with experiment comparable to that foxr
closcd-shell states. In addition, this treatment rovides a state function
determined veriationally for a given electronic configuration. The validity of
these Tunctions for open-shell states will be further demonstrated if they can
successfully predict other electronic properties of these states.

In these calculations, we have tried to see hov well we can represent each

molecular state by a single AP function, in oxder to wreserve the simplie physicel
concepts of the MO theory. For this reeson, we have restricted our consideration
to states which can thus be described. The calculations can easily be extended,

however, to include configuration interaction. Some of the excited states, for
example, are best represeanted as a linear combination of AP functions. These

results for & single function, hovever, agres sufficiently well with experiment.
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TABIE 6

COMPARISON OF GERERALIZED AND RESTRICTED TREATMENTS

STATE
1 +
K., X Zg

N, A 3%

A,

TOTAL EAERGY (a.u.)

GERERALIZED

R —

~108. 310805

-108,302191

-108 L] 1085!*7

-108 a038%2

"1079 8"'322!"

~149,094159

~1%8.694655

~-148,6T1956

FESTRICTED

108.573572
=108, 309100
~108. 208274
<108, 108545
-108.029387
~107.843229
~149,092076
-149.010520
-148.694117

"1‘"80 @197

18.



FABIE 6 {CON°T)

B, VERTICAL EXCITATION ENERGY (ev.)

STATE GENERALIZED RESTRICTED
(o] [+ (o] (o]
P -5 e-¢ B*-E et -
3t
Na, A "u 7.15 7.18 7019 705
Ny, B 338 7.38 7.58 7.49 1.55
Ny 0%, 12,65 12,66 12.65 12,66
0, & lAg 2,22 2.16
C. VERTICAL JONIZATION ENERGY (ev.)
STATE GENERALIZED RESTRICTED
+ (- 4 o
Bt . ° f}, E* . ° i‘.-.
5, X 22{5 W.56 1481 1:,80  14.81
L4
i, B2 19.87  19.67 19.88  19.87
of, X ng 10,87 10,91 10.83  10.80
o;, a U 11.49 11.56 11.53 11.50

QBSERVED

7.T0

8.12

11.25

1.0

15.38

18.67

16.1
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3
le

2a
i)

1w

g

W, (x 12;)

0.9990 (egls)
-0,0815 (eéls)
-0,0430 (a*gls)
1.0025 (o 1s)
0 .0106 (ah;s)

0.8831 (zux}
008831 (!Iuy)

3 %
§, (a °2)

0.9989 {o‘gls}
-0,0822 (6'8133
-0,0436 (:rg:s}
1.0028 (d"lls)
-0.0173 (a'uls}

0.8831 (uux)

°o8831 (ﬂJ)
1.1803 {r gv}

APPERDIX I
SELY -CCHSISTENT FIELD MOLECUIAR ORBIZAILS AND ENERGY VALUES

TABIE ¥

ICAQ MD's

+0.0116 (c’g2s)
+0.6723 (G'gas)
~0.5589 (g 2s)
+0.0272 (g 2s)
-1.0207 (0'u2s)

TABILE 8

Aad ot

+0.0126 (6‘829)
+0.6787 (a‘gas)
-0.5510 (cfga;)

+0.0303 (cruas)
-1.0T7 {q; 25}

+0.0026 (a‘gaz)
+0.3391 (6"822)
+0.8531 (crgaz)
+0.0121 (7, 22)
+0.3759 {o 22)

-]

+0,.0027 (d’g 2z)
+0.3291 (6'822)
+0.8570 -’(vg&)

+0.0135 (a'uaz)
+0.3167 (o‘u&)

- &
-15.7219
- L.bs27
- 0.54k6
-15.7197

- 0.7306

- 0.5797
- 0.5797



0.99%0 (o’gls)
-0.0806 (o"gls)
-0,0452 (o‘gls}

1.0025 c{@ule)
-(.0063 (d‘ul.s)

0.8831 (ﬂuﬂ
101803 (1! gX)
0.8831 (x uy)

- 3

[ ZN T Y
4% w n 4
[} \ u’

0.9390 (cfglaf;
«0.0790 (o’gle)
1.002% (o718}
-0.0072 (o&ls)
0.8031 {x uxé
lnl&GS (ﬂSX}
0.3831 (= uy}

TABLE

ICA0 MO's

40,0127 (crgaa)
40,6937 (@Za‘)
-0.5320 (argEs)

+0,0220 (a;l 23)
-1.0010 {e‘uas)

+0.0020 (c‘gEs)

+0.3053 {o gzz)

| +0.8658 (c’gaz)

+0.0119 (6{: 2z}
+0.3962 (a;l 2z}

10

ICAO KWO's

+0.0125 (crgas)
+0. 7079 (9'8235
=0.5129 (dfgas)

+0.0282 ( c"uas}
«1..0066 (a‘;&)

40,0017 (0'822)
+0.2816 (a'gaz}
+0.8738 (5'82:)

+0.0112 (¢ 22)
40,3905 (o 2)

&
«15. 7014
- 1.45u8
- 0.6285

"15 - m
- 0.8337

- 0.708
- 0.2707
- 0.,5799

ed

 §
«15.6856

- 16,‘187
- 90,5991

"15 068"'1
- 0082‘2

- 0.6918
- OG%%
- 095693

4
‘l‘)- . 67%

- 1.3499

-15.6716
- 0.5366

- 0.k882

- 0.5340

A

i
-15.6398

- 1031%
- 0,3342

-15.637h

- 0.4540




=

::5" r:g ::g

wp (x 52

0.9980 {c'gls}
«0,0817 (crgls)
«0,0412 (orgls)

1.0023 (c’ula}
~0.0061 (o’ula)

008831 {ﬂu:t}
0.8331 (= uy}

2 +
my (B “2)

0,999 (dgls}
-0.0806 (o;gz,sé
0. 0427 (a’gls}
1.0022 (c"uls)
-0.0076 (%15)

0.8831 (stux)
0.58831 (= wv)

TARLE

13

ICAQ MD's

40,0113 (a‘gas)
£0.6613 (6'823)
~0.5T18 (,28)
+0.0257 (a‘u%§
~0.9872 (7,28}

TARLE

+0.0022 (cgas)
+0.3556 (a'gaz)
+0.8464 (ega)

+0,0109 (c’uaz)
+0.4103 (cruas}

iz

LCAO MD's

+0.0111 (agEs)
+0.672 (ages)
<0,5591 (o-g&)

+0,0251 (auas)
-0,9970 (auaa)

40,0020 (@gaz)
+0.339% (0'323)
40,8530 (a’g&‘z)

+0.0105 (cruaz)
+0,4003 (o;az}

V1
‘16¢ ‘&099
- lo 9952

- 1.131%

-16.@2
- 1.9681
- lol%h

"160 3%0
had 10 &1

- 1.092{
- 1.0927

23.

4
-160 39“8

- loy‘ﬁ

"16 ] 3 935
- 1.0658

- 1.0700
- loo7m

=16, 3694
- 109213
- 0.8704

-16 ° 3670

- 1.01}216
- loOkQ&



oy

24
2

24

3(3'g

R

S'lgc

oW o
DL . R

o 3T
0p & °2)
0.,9996 (a‘gls)
«0.0410 {& gls)
0.0206 (efg]s)

1.0006 {c"‘xIS)
0.0033 (d'uls}

0.9340 (xtux}
1.082% {x gx}
0.9340 (= v}
1.082% (= gv)

A
02(8."’A3

0.,9996 (@gle}

~0,0408 (déls)
0,0198 (o’gw

1.0006 (cruls}
0,0030 {cru:sa

0.93%0 (szux}
1.0824 {x sx§
0093% {ﬂ‘r‘{)

TABIR

13

ICAQ MD's

+0,0227 (agas)
+0.805% (g'g%)
+0.4232 (5*823)
+0,0204 {e'uzs)
+1.0798 ("{x 2s)

+0.0002 (cr8 2e)
40,2153 (dgﬂz)
-0.8749 (a'gaz)

+0.0065 (o‘;az)
~0.2010 (o’uaz)

14

ICA0 MD's

+0,0119 (5‘8233
+0.7929 (dgas}
+0.5k62 (o ga}

40,0189 (a;las)
+1..05630 (a’u2s)

+0.0004 (o'ga)
+0.2403 (6'822)
~0.8683 (c’gaz)

+0.0063 { o’uaz}
«0.2302 e:a‘uaz)

<
-m ° 63@
- lo 59%

- 005%5

-20.6311
- 1.0820

- 0.6965
~ 0.3969
- 0,6965
- 0,3969

4-2

-%-6212
- 1.5412
- 005671

-mo 6213
- 0.9835

~ 0,6266
- 0.3174
- 05000

2k,

&

1
«20,5997

- lohm
- 0.5259

-20,5994
- 0.8862

- 0-’*227

- 0.14227



{.)2"~ (X 2:: }

0.9996 (dgla)
0,009 {o gu)
0.01.90 (crgu)

1.0006 (< 1s)
0.0055 (o7 1s)
0.9340 {x xj
1.082% (xgx)
0.9340 (x uy}

0" {a 'z )

0.9996 (o’gls)
0,016 (0'818)
0.0192 (e’gla)
1.0006 {c 1s)
0.,0061 { 1s}

0.9340 (uux)
1.082% {ngx}
0.93%0 {=x “y)
1,0824 (= 6;')

%

ICAO MD%s

+0.0115 (6’328}
+0.7818 (a“gaa)
40,4654 (a&aa)

+0.0184 (o‘uaa)
+1.0876 («7“‘1 28)

+0,0005 (crgaz)
+0.2614 (o’gaz)
-0.8622 (crgar.)
40,0062 (cruaz)
-0.1873 (d;az)

16

ICAQ MO?s

+0.012% (o‘g.?s)
+0.T879 (0’8&)
+0.4550 (@ges)
+0,0201 (o-uas)
+1.1096 (o 28)

+0.0004 (e'ga)
+0.2500 (5822)
-0.8656 (a’fgaz)
+0.0067 (e 2¢2)
~0.1470 (< 22)

ea

—ﬂ.ll-OSG
- 2,1692
- L1534

-21.%037
- 1.5838

- 1.2654

- 0.9735
- 1..0382

-21.3753
- 2.2317
- 11671
-21,3759
- 1.6665

- 1.2T7%
- 0,9857
- l.3272
- 1.036h

&

-21.3882
- 2.1095
- 1-1160

-21.3879
- 1.4847

- 1.0146

- 10“52

-21.3322
- 2,0116
- 1.0593
-21.3321
- 1,3936

- 009?87




AFPENDIX II

The totel electronic energy of the molecule is given by the expression

atf op a B
D PSS ;:u-ua(z+z)xu o)

1,3 4,3

Since each celf consistent <, represents

o )
éfﬁ) - n‘fﬁ) + Z"u - Ky s (16)
3 J '
we can gee that (15) becomes
a g
E, ® 1/22(“:4»3:)4»1/22(‘?1-?;) (x7)
1 n
vhere
B - nes §-01d (a8)
For a closed-shell state, (17) reduces to
3 , g
By = M (@) o Y (& eE) (29)
1 1

The total potential energy of the molecule is obtained by adding the nuclear
repulsion temm, %2 /r ., to expressims (17) and (19), vhere “"a" and "d"
index nuclei and Z is the nuclear charge.




